Abstract. The natural spa area "Choygan mineral waters", a unique deposit of natural carbon dioxide mineral waters in Siberia, is located in the Eastern Sayan Mountains. There are 33 spring discharges in this area. Spring waters are mainly of HCO 3 -Na-Ca type. TDS varies from 300 mg/L to 2600 mg/L, the temperature ranges from 7 °С (in spring 33) to 39 °С (in spring 12), pH varies from 5.9 to 8.3, and the value of the oxidation-reduction potential is from -170 mV to 236 mV. All studied waters were divided into two groups according to their temperature and geochemical conditions: cold fresh water in oxidizing environment and warm slightly brackish water in reducing environment. The uranium concentration varies from 0.7 to 14 μg/l and the thorium concentration varies from 0.001 to 0.33 μg/l in the studied waters. The predominant uranium complexes are (UO 2 (CO 3 ) 3 ) 4-, (UO 2 (CO 3 ) 2 ) 2-, UO 2 CO 3 , (UO 2 (PO 4 ) 2 ) 4-in the waters in oxidizing and reducing environments. It was found that acid-alkaline and oxidizing-reducing conditions were the determining factors for uranium behavior and speciation in the studied waters. The pH conditions are determining factors for thorium behavior and speciation in the studied waters. In slightly acidic water the predominant thorium species is negatively charge complex (ThCO 3 (OH) 3 )
Introduction
The natural spa area "Choygan mineral waters", a unique deposit of natural carbon dioxide mineral waters in Siberia, is located in the Eastern Sayan Mountains. Its formation is related to the latitudinal fault in the area with current and recently extinct volcanic activity in the East Sayan Mountains. The Choygan warm and cold springs are a potential deposit of natural carbon dioxide medicinal waters. The discharging cold and thermal natural carbon dioxide groundwaters have a unique set of bioactive components: Rn, SiO 2 , CO 2 , Fe, etc. This unique site is of abiding interest for researchers. The first studies of these groundwaters were performed by I.S. Kryzhin (1858), S.V. Obruchev (1945), V.G. Tkachuk (1955) , E.V. Pinneker (1966) (1967) .
The attention focused on the study of these waters has contributed to the development and improvement of the research and getting new knowledge about chemical composition, processes and mechanisms of formation, balneology, etc [1, 2] .
However, the abundance of most trace elements, including uranium and thorium, in groundwaters of the natural spa area Choygan has not been studied in detail. Therefore, the aim of this research is to study the abundance and species of uranium and thorium in groundwaters of the natural spa area "Choygan mineral waters".
Uranium can be found in nature both in geological and aqueous environment. The concentration of U in groundwater is less than 15 µg/L. The U concentration in groundwater and surface water can reach 1 mg/L [3] . Uranium exists as various chemical species in natural waters, including the free metal ions (UO 2 2+ ), and complexes with inorganic and organic ligands (both anion and cation) [4] . А lot of works are devoted to the study of the uranium behavior in the environment. A speciation of uranium depends on several factors, including pH, Eh, concentrations of organic matter, calcium carbonate or other ligands. Phosphate, carbonate, and humic substances are the most common ligands in natural waters. Hexavalent (U (VΙ)) and tetravalent (U (ΙV)) are the main oxidation states of U in nature waters.
In an open system, under oxidizing conditions, pH<5, lack of natural organic matter and potential ligands, uranyl ion (UO 2 2+ ) dominates in waters with pH below 5 or hydroxy complexes in waters with pH below 6,5. Increase of pH (> 7) and the CO 3 2-and HCO 3 -ions contribute to the formation of the diand tri-carbonate complexes [3] . Moreover, as referred to [5, 6] phosphorus with a relatively high concentration (6 × 10 -4 mol/L) and low pH contribute to the sorption of U (VI). The subsurface uranium environment could be strongly adsorbed on iron hydroxides, clay minerals and dissolved organic matter, although desorption may occur due to competition between mineral surface and ligands for binding of uranyl [3] . The last data show that complexes with dissolved organic matter (DOM) and uranyl complexes of calcium (Ca-uranyl carbonate complexes) play an important role in water chemistry of uranium. These complexes are still omitted from many speciation calculations and have minor importance in the alkaline pH range. However, Gustafsson et al. (2009) included dissolved organic C (DOC) in their simulation of U species and showed that the dominance of DOM-UO 2 complexes at pH < 7.2 under atmospheric CO 2 pressure. When partial CO 2 pressure (P CO2 ) in that study was increased 10-fold, the pH threshold, at which DOM-UO 2 complexes dominated decreased to 6.6, illustrating that carbonate species are predominantly complex-forming ligands [7] . 
Materials and methods
, UO2(OH)2, ((UO2)2(OH)2) 2+ , ((UO2)3(OH)4) 2+ , ((UO2)3(OH)5) + , ((UO2)3(OH)7) -, (UO2(OH)3) -, ((UO2)2(OH)) 3+ , (UO2(OH)4) 2-, (U(OH)3) + , U(OH)4, (U(OH)2) 2+ , HUO2, (HUO2) + , U 4+ , U 3+ , (UOH) 3+ , UO2, (UO2) + , (USO4) 2+ , U(SO4)2, UO2S2O3, (U(CO3)5) 6-, (U(CO3)4) 4-, ((UO2)2CO3(OH)3) -, (UO2(CO3)3) 5-, (UO2(CO3)3) 4- , (UO2(CO3)2) 2-, UO2CO3, UO2(HCO3)2, (UO2HCO3) + ,((UO2)3(CO3)6) 6- , (UO2(PO4)2) 4-, (UO2)3(PO4)2, (UO2H2PO4H3PO4) + ,(UO2H3PO4)
Results and Discussion
According to the hydrogeological and hydrogeochemical features, the studied groundwaters are divided into several types: natural carbon dioxide fissure-vein waters in reducing and oxidizing environments and groundwater of the regional-jointing zone (background waters) ( The natural carbon dioxide fissure-vein waters with oxidizing conditions are cold where the temperature ranges from 11 to 20 °C. The waters are fresh and slightly acidic with the mean value of TDS of 1212 mg/L and the pH value of 5.9-6.7. The free carbonic acid concentration reaches 1488 mg/L (spring 4). The values of Eh vary from 170 to 236 mV. The mean value is 196 mV. Besides, the concentrations of sulfate ions in the waters from 5 to 59 mg/L underline the oxidizing conditions in the studied waters (table 1) . According to the ratio of major ions the studied waters refer to the HCO 3 -Na-Ca type.
The groundwaters of the regional-jointing zone are characterized by oxidizing conditions. The mean value of the redox potential is 203 mV. These waters are cold with the mean temperature of 11 °C. Acid-alkaline properties of the water are slightly alkaline. The studied waters belong to the НСО 3 The studied water types differ from each other by the concentration of uranium and thorium. The uranium concentrations vary from 0.7 to 12 μg/L in the natural carbon dioxide fissure-vein waters in reducing environment. The highest concentrations of uranium are observed in springs 16, 17, 19 and 31. From reducing to oxidizing conditions, the uranium concentration changes and increases with an increase of the TDS values. High uranium content varying from 0.16 to 14 μg/L is observed in the natural carbon dioxide fissure-vein waters in oxidizing environment. The high concentration of uranium is typical for the waters with positive values of Eh. This is caused by the high solubility of U 6+ in comparison to U 4+ [8, 9] . Thorium accumulates mainly in the natural carbon dioxide fissure-vein waters in reducing environment. The mean concentration of thorium is 0.00003 mg/L in this type of waters. Its concentration is 8 times higher than those in the waters in oxidizing environment, where the mean concentration of thorium is 0.000004 mg/L.
The world average concentration of uranium in the rocks is 1-4 mg/kg while the content of thorium is three times higher and reaches 13 mg/kg. The concentrations of U in groundwater are usually low, typically in the range of 0.1-1 μg/L, although they can reach up to several tens or hundreds of μg/L as a result of reactions with minerals in aquifers. The concentration of thorium is quite low and reaches up to 0.24 mg/L, which can be explained by the weak migration capacity of thorium in groundwater [3] . Uranium and thorium tend to occur together in the geological unit formation, due to the similarity in their ionic radius. The U 4+ is easily oxidized and migrates during crustal evolution, whereas Th is stable in the oxidation zone. Therefore, Th is considered as a reference concentration and can be used to study the state of the original uranium concentration [10] .
According to the abundance of uranium and thorium in granitic rocks, where the investigated waters occur, the thorium-uranium ratio is not less than 4. In the studied waters, the thorium-uranium ratio decreases from 0.0027 (an average) in the natural carbon dioxide fissure-vein waters in reducing environment to 0.0003 in natural carbon dioxide fissure-vein waters in oxidizing environment. This tendency is caused by uranium and thorium behavior in natural waters. The concentration of thorium in the natural carbon dioxide fissure-vein waters in reducing environment exceeds those in the natural carbon dioxide fissure-vein waters in oxidizing environment. At the same time, reverse behavior is characteristic for uranium: the concentration of uranium in the waters in the oxidizing environment is two times higher than those in the waters in the reducing environment. This is the main difference between the abundance of these elements in waters and rocks, which is determined by the peculiarities of the uranium and thorium speciation in natural waters [8, 9] .
According to the results of physicochemical modeling of uranium speciation, bicarbonate complexes (UO 2 (CO 3 ) 2 )
2-(up to 67 %), (UO 2 (CO 3 ) 3 ) 4-(up to 65 %), and UO 2 CO 3 (up to 2 %) are the most abundant uranium species in the natural carbon dioxide fissure-vein waters with the Eh values varying from 0 to 142 mV and рН 6,4-6,9 ( figure 1А ). In the waters with Eh <0 and рН 6,1-6,4, the proportion of UO 2 and U(OH) 4 complexes increases up to 48% and (U(OH) 3 ) + (up to 5 %) and ((UO 2 ) 3 (CO 3 ) 6 )
6-(up to 5%). With the decrease of Eh value up to -90 --170 mV and the pH value up to 6, the proportion of UO 2 0 complex increases up to 48 % and becomes predominant, whereas the proportion of (U(OH) 3 ) + complex reaches 5 %. In the spring waters with PO 4 3-content is more than 0.05 mg/L, uranyl phosphate (UO 2 (PO 4 ) 2 ) 4- emerges. The content of this complex reaches 10 %. In the water with the concentration of PO 4 3-is 0.46 mg/L this complex prevails, its content reaches up to 76%.
The predominant uranium complexes are (UO 2 (CO 3 ) 2 ) 2-(up to 80 %), (UO 2 (CO 3 ) 3 ) 4-(up to 54 %), and UO 2 CO 3 (up to 3 %) in the slightly acidic natural carbon dioxide fissure-vein waters in oxidizing environment. With the values of pH up to 5.9-6.2, the proportion of (UO 2 (CO 3 ) 2 )
2-complex increases, whereas the percent of (UO 2 (CO 3 ) 3 )
4 complex decreases, and the UO 2 CO 3 and ((UO 2 ) 3 (CO 3 ) 6 )
6-complexes emerge. The proportions of (UO 2 (CO 3 ) 2 ) 2-and (UO 2 (CO 3 ) 3 ) 4-complexes are equal under neutral conditions. Such behavior of uranium complexes is typical for the investigated type of waters [7, [11] [12] [13] . The formation of uranyl-carbonate complexes is caused by the occurrence of НСО 3 -and СО 3 2-in the groundwaters and pH 4.5-6.5. In this case a sufficient concentration of the ligand (СО 3 2-), and, consequently, the displacement of equilibrium toward the formation of carbonate complexes are provided [7, 9, [11] [12] [13] .
The migration of uranium with carbonate compounds reduces, whereas the migration of uranyl ion with phosphate complexes increases in the waters with low pH. The acid-alkaline conditions in the waters have a great influence on thorium migration as elementhydrolyzate. The negatively charge (ThCO 3 (OH) 3 ) -is predominant thorium complex (more than 95 %) in slightly acidic waters of all studied types. The percent of this complex increases up to 100 % under neutral conditions. The proportion of the (ThCO 3 (OH) 3 ) -complex decreases due to the formation of the positively charge thorium hydroxocomplexes ((Th(OH) 3 ) + and (Th(OH) 2 )
2+
) if pH-value decreases to 5.9-6.2.
Summary and Conclusions
The features of the water chemical composition in the natural spa area "Choygan mineral waters" were studied. The following water types were identified: warm natural carbon dioxide waters in reducing environment, cold natural carbon dioxide waters in oxidizing environment and groundwaters of the regional-jointing zone (background water).
The natural carbon dioxide waters in reducing environment belong to the НСО 3 -Са-Na chemical type. The mean value of TDS is 1916 mg/L. The uranium concentrations vary from 0.7 to 12 μg/L. The thorium concentrations vary from 0.001 to 0.33 μg/L.
The second group of the waters is cold natural carbon dioxide waters in oxidizing environment. They are fresh with the average value of TDS is 1212 mg/L. Their chemical type is НСО 3 -Na-Ca. The free carbonic acid concentrations vary from 200 to 1488 mg/L. The geochemical conditions of this water type are favorable for the uranium accumulation, the concentration of which is from 0.93 to 14 μg/L. The uranium concentration is higher in this type of water than that in the natural carbon dioxide waters in reducing environment. This is caused by the high concentration of free carbonic acid in the waters and the high positive values of Eh. The thorium concentrations in these waters range from 0.001 to 0.03 μg/L.
The predominant uranium complexes are (UO 2 (CO 3 ) 3 ) + , the total percent of which is less than 2 %. In the waters in reducing environment the total proportion of these complexes increases up to 10 % and 35 %, respectively. In addition to the carbonate and phosphate complexes the UO 2 , U(OH) 4 and (U(OH) 3 ) + compounds occur in the water in reduction environment. It was proved that acid-alkaline and oxidizing-reducing conditions are the determining factors for uranium behavior and speciation in the studied waters.
The acid-alkaline conditions are determining factors for thorium behavior and speciation in the studied waters. In the slightly acidic water the predominant thorium species is a negatively charge complex (ThCO 3 (OH) 3 ) -(more than 95 %). The proportion of the (ThCO 3 (OH) 3 ) -complex decreases due to the formation of positively charge thorium hydroxocomplexes ((Th(OH) 3 ) + and (Th(OH) 2 ) 2+ ) when pH-value decreases up to 5.9-6.2.
